Abstract This paper describes the use of fruit-bearing grapevine hardwood cuttings as a model system for grapevine research, translating some studies that are difficult to execute under field conditions in the vineyards to facilities under controlled conditions. This approach enables to simulate in greenhouses future climate conditions and to investigate putative responses of grapevine to climate change. An updated description of how to grow grapevine fruit-bearing cuttings is made, together with modifications to carry out studies of partial rootzone drying, regulated deficit irrigation studies and symbiosis with arbuscular mycorrhizal fungi. We summarize how extensive has been the use of fruitbearing cuttings in grapevine research over the years, with special emphasis in those experiments that analyze the effects of factors related to climate change, such as elevated CO 2 , elevated temperature, water availability and UV-B radiation, on grapevine physiology, production and grape quality. A validation of the model is made, comparing results obtained with fruit-bearing cuttings with those obtained from vineyard-grown plants. We discuss some advantages of growing grapevines under elevated CO 2 with an atmosphere depleted in 13 C, using this stable isotope ( 
Introduction
Human activities, such as fossil fuels burning, intensive animal husbandry and deforestation, have increased the atmospheric CO 2 concentration from the beginning of the nineteenth century. CO 2 concentration has increased since pre-industrial period from 280 to 389-400 lmol mol -1 air (ppm) (increasing on average at a rate of 1.9 ppm per year) in the years [2012] [2013] . By the middle and the end of the century respectively, values as high as 550 and 700 ppm are expected (Prentice et al. 2001) . CO 2 is the most important anthropogenic greenhouse gas, contributing the above-mentioned increases to the phenomenon widely known as global warming. If CO 2 emission continues at high levels, temperature is predicted to rise between 1.8 and 4.0°C (IPCC 2007a) . In line with these predictions, the warmest years of global surface temperature since 1850 have occurred from 1995 and beyond. Also, it is believed that climate change could decrease plant water availability, a stress factor that frequently limits crops yield under Mediterranean conditions, increasing the agricultural areas under drought and affecting crops production (IPCC 2007b) . Thus, it was predicted that doubling atmospheric CO 2 would result in decreases of soil moisture content from 20 % (Central Europe) to 70 % (Iberian Peninsula) (IPCC 2007b) . Therefore, vineyards in the future will face these three climate-related factors: elevated CO 2 , elevated temperature and altered water availability. Readers are referred to the latest IPCC reports (www. ipcc.ch/report/ar5/) and COP21 rules (www.un.org/ sustainabledevelopment/) for further implications of climate change on viticulture.
Fruit physiology research is sometimes difficult to accomplish in controlled conditions unless small, fruitbearing plants can be obtained. The use of small, fruiting grapevine plants growing in controlled environments facilitates comparability across experiments. Experiments carried out with single-node softwood cuttings taken from present year's shoots after flower initiation or after fruit set (Robitaille and Janick 1979; Gu et al. 1994 ) are out of the scope of this paper. Our focus will be grapevine fruit-bearing hardwood cuttings. Controlled facilities used to grow grapevine cuttings include conventional greenhouses, growth chambers and new designed greenhouses to simulate climate change scenarios . Within the latter, in the growth chamber-greenhouses (GCG) CO 2 concentration, temperature and water availability are set to act simultaneously, enabling comparison of a current situation with a future one ). In the temperature gradient greenhouses (TGG), the threeabove mentioned factors can act independently or in interaction, enabling more mechanistic studies aimed to elucidate the limiting factor responsible for a given plant response .
This review aims to provide with techniques and discussion about studying grapevine biology and physiology responses, particularly upon the so-called climate change factors, in grapevine fruit-bearing hardwood cuttings. The core intention of this manuscript is to provide information and support for assessing the grapevine responses to environment in this plant material, as a convenient model, which, up to some extent, may give results possible to be extrapolated to field conditions. Along the text, an extensive review of published data is provided about research being carried out in this model plant material. Studies made in grapevine fruit-bearing hardwood cuttings include K content, C balance, pesticides, C effects on reproductive development, water stress effects on grape berry phenolic composition, cold stress responses, UV-B responses, increased CO 2 responses, and others. Using this model for research purposes may have advantages and some limitations. With regards to advantages, the use of grapevine fruit-bearing hardwood cuttings is not only limited to environmental responses, but the use of the model extends to molecular characterization of plant growth and development (fruit induction and development, for instance) or organ-specific physiological responses, such as plant growth regulators and root responses and so on. Within the limitations, the use of this model system and controlled environments can be far to real agronomical situations, as occurs with other plant species (like Arabidopsis, pea or spinach) used for basic research. Also, under Mediterranean conditions, mainly in Europe, rootstocks are absolutely necessary but the model initially used own-rooted plants (Mullins 1966) and its modifications Antolín et al. 2010) have not included the use of grafted plants. The reason could be that after bud break and appearance of the first inflorescence, the latter grows at the expense of wood reserves exclusively and therefore any competition for reserves must be avoided. For instance, the first leaves have to be removed and allowing growing more than one inflorescence per plant leads to all inflorescences to be unviable (Mullins 1966) . It is sure that the union between the rootstock and the variety requires reserves, possibly making the inflorescence unviable. This is a matter that deserves further investigation.
2 Grapevine fruit-bearing cuttings: a model system in grapevine research
Given the difficulties of studying grapevine physiology, including berry physiology, under natural conditions, this paper describes in the following paragraphs the technique to grow this species under controlled conditions using the fruit-bearing cuttings as a model system. One of the strengths of the present review lies in the detailed description of the technique to grow fruitbearing grapevine hardwood cuttings, and its modifications to perform different water stress and mycorrhizal fungi symbiotic association experiments. Non-grafted fruit-bearing cuttings are usually propagated by a technique ensuring that the formation of adventitious roots preceded budburst using steps originally outlined in Mullins (1966) with some modifications described in and Antolín et al. (2010) . Rooting is induced in three-node cuttings of dormant Vitis vinifera (L.) obtained from 1-year-old cane-pruned grapevines collected in winter, using indole butyric acid applied to the basal node that was well covered with rock wool in a heat-bed (25-27°C), kept the cuttings in a cool room (4-5°C). One month later, the rooted plants are planted in 0.8 L plastic pots containing the selected substrate (generally a mixture of sand, perlite and vermiculite; 1:1:1, v/v) and transferred to the greenhouse. Initial growth conditions are set at 25/15°C and 50/90 % relative humidity (day/night) regime and natural daylight (supplemented, when necessary, with lamps to extend the photoperiod up to 15 h and ensure a minimum photosynthetic photon flux density, PPFD, of 350 lmol m -2 s -1 at the level of the inflorescence).
Under these conditions, the budbreak takes place after 1 week. Careful control of vegetative growth before flowering improves the partitioning of stored C towards the roots and the reproductive structures ( Fig. 1 ; Antolín et al. 2010) . Thus, only a single flowering stem is allowed to develop on each plant during growth ( Fig. 2 ; Antolín et al. 2010) . A proper nutrient solution provides a mineral nutrition in accordance with viticultural requirements .
The use of the model allows detailed water stress experiments to be performed. Utilization of splitrooted fruit-bearing cuttings permits researchers to distinguish whether grapevine responses to partial root drying (PRD) with respect to shoot growth, cropping and berry ripening are due to deficit irrigation per se, or whether the alternating wet/dry cycles that are imposed on spatially separated portions of a grapevine's root system under a PRD regime have a physiologically-distinctive effect (Antolín et al. 2006) . Split-rooted fruit-bearing cuttings are planted such that each half of the cutting base is in a different 5 L plastic pot ( Fig. 3 ; Antolín et al. 2010) . Three water management treatments can be applied after fruit set [Eichhorn and Lorenz (E-L) fruit stage 27] (Coombe 1995): (1) Both pots maintained at pot (synonymous of field capacity for pots) capacity (control); (2) 50 % of water given to controls, equally distributed between each side of the root system (sustained deficit irrigated, SDI); and (3) 50 % of water given to controls alternatively supplied to only one side of the root system (partial root drying, PRD). Thus, under SDI, test grapevines are provided the same amount of water as the PRD-treated test grapevines, but the
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Removal of successive vegetative apex until fruit set Fig. 1 Main steps to produce fruit-bearing cuttings Theor. Exp. Plant Physiol. (2016) 28:171-191 173 irrigation water is applied uniformly and simultaneously to both sides of the split-root system, rather than to alternate sides, as with PRD (Antolín et al. 2006 (Antolín et al. , 2008 . All plants (including controls) must have split roots. The watering regime in PRD must be reversed between the two pots when soil water potential (W) of the dry pot reaches levels about tenfold less than in watered pots (approximately every 10 days) (Lovisolo et al. 2002) . By this time, soil W may decrease to -200 kPa (Fig. 4) . Also, the use of fruit-bearing cuttings allows researchers to study different regulated deficit irrigation (RDI) programs imposed at different phenological stages of berry development. In addition, potted grapevines facilitate the imposition of a similar water deficit procedure in different grapevine cultivars (Niculcea et al. 2014) . Experimental design usually consists in two RDI strategies that are compared with a complete irrigation as a control. In the control treatment, pots are maintained at 80 % of pot capacity. In the RDI treatments, plants receive 50 % of the water given to control plants from fruit set to onset of veraison (early deficit, ED) or from onset of veraison to harvest (late deficit, LD). Volumetric soil water content is monitored placing sensors within each pot (Fig. 5) .
The use of grapevine plant models and controlled conditions enables to carry out experiments dealing with the interactions of grapevine with microorganisms, unfeasible under field conditions. Arbuscular mycorrhizal fungi (AMF) are able to establish symbiotic associations with grapevine roots, which have received increasing attention due to their numerous benefits to host plants (Likar et al. 2013; Trouvelot et al. 2015) . However, under field conditions is very difficult to study the role of AMF on grapevine physiology by two main reasons: first, the lack of appropriated control of AMF inoculation and second, the absence of comparable noninoculated plants. Thus, studies with fruit-bearing cuttings allow researchers to study effects of inoculation with AMF by comparison with non-inoculated plants (Torres et al. 2015) . For technical adaptation, after rooting fruit-bearing cuttings must be planted in pots containing a mixture of vermiculite-sand-light peat (2.5:2.5:1, v/v). Peat is previously sterilized at 100°C for 1 h on three consecutive days. Half of the plants are inoculated with an in vitro culture of, for instance, the This section is aimed to review how extensive has been the use of fruit-bearing grapevine hardwood cuttings in grapevine research over the years, with special emphasis in those experiments that analyze the effects of factors related to climate change, such as elevated CO 2 , elevated temperature, water availability and ultraviolet-B (UV-B) radiation, on grapevine physiology, production and grape quality. Some of these experiments are very difficult to execute under field conditions. For instance, fertilization of large agricultural areas with elevated CO 2 is economically unviable, and using free-air CO 2 enrichment (FACE) facilities requires logistic and is very expensive.
In Table 1 , we show some examples of experiments carried out using grapevine fruit-bearing cuttings grown in the GCG and TGG, including some ones grown in other facilities of controlled conditions. Under field conditions the real situation is a combination of stresses. In fact, experiments carried out in the TGG analyze individually or in combination the effects of elevated CO 2 , elevated temperature and water availability (Table 1 ). In the case of GCG, the combined effects of CO 2 , temperature, drought, irradiation intensity and UV-B can be assessed (Table 1) . Grapevine cultivars include Cabernet Sauvignon, Chardonnay, Gewurztraminer, Graciano, Grenache, Pinot Noir, Riesling, Sauvignon Blanc, Shiraz, Tempranillo, white Tempranillo and others (Table 1) . A survey of literature indicates that the ease of production of fruit-bearing plants from hardwood cuttings is cultivar dependent (Mullins and Rajasekaran 1981) . For instance, optimum nutrition and growth conditions were modified to achieve a reasonable fruit set in Shiraz grown as fruitbearing cuttings (Baby et al. 2014) . As examples of the variety of experiments carried out with fruit-bearing cuttings, it can be mentioned that the model has been used to investigate the effects of K nutrition on polyamine content (Geny et al. 1997 ) and the effects of limiting leaf area on development and composition of berries (Ollat and Gaudillere 1998) in Cabernet Sauvignon, and the colonization process of reproductive organs by plant growth-promoting rhizobacteria, in particular by Burkholderia phytofirmans in Chardonnay (Compant et al. 2008) . During inflorescence development, also in Chardonnay, the inflorescence C needs are met by both leaf and inflorescence photosynthesis, and the inflorescence participates to the total C balance of the cutting by redistributing an important part of its own assimilates to other plant organs (Vaillant-Gaveau et al. 2011) . Shoot girdling, which restricts the flow of leaf assimilates into and out of the shoot, and/or leaf removal, which reduces the photosynthesis rate of the overall shoot, affected inflorescence primordia initiation, development and architecture in Sauvignon Blanc fruit-bearing cuttings (Eltom et al. 2015) .
Using grapevine fruit-bearing cuttings, other series of experiments were devoted to investigate effects of different herbicides and fungicides on photosynthesis and carbohydrate physiology, comparing them with the response observed in the field. In Chardonnay fruitbearing cuttings, flumioxazin, a N-phenylphthalimide herbicide used frequently in French vineyards since 1988, caused leaf proteolysis (Saladin et al. 2003a) , decreased CO 2 fixation, photosynthetic pigment concentrations and hexose contents but increased sucrose and starch (Saladin et al. 2003b) , indicating an inhibition of photosynthesis and an increase of carbohydrate reserves at expense of export to sink organs such as growing leaves, roots and berries. These effects on photosynthesis were opposite to those registered in the field (Saladin et al. 2003b) , suggesting that the fruitbearing cutting may not be a good model to evaluate the impact of chemical treatments on field-grown grapevines. The same research group investigated the effects of fludioxonil (a phenylpyrrole compound) and pyremethanil (an anilinopyrimidine compound), two fungicides commonly used in vineyards against Botrytis cinerea, on carbohydrate physiology. Using Chardonnay fruit-bearing cuttings, they found that both fungicides did not affect photosynthesis, although the former led to accumulation of sucrose and starch decrease, whereas they stimulated photosynthesis in field-grown plants (Saladin et al. 2003c ). It can be therefore misleading to extrapolate from laboratory observations to the field (Saladin et al. 2003c ). Both fungicides increased transiently protein, total free amino acids and proline in Chardonnay fruit-bearing cuttings (Saladin et al. 2003d) .
Effects of single stress factors related to climate change on the physiology and grape quality of fruitbearing cuttings were also evaluated. In Cabernet Sauvignon, reducing irrigation frequency without inducing wilt or leaf tall increased the phenomenon of early bunch stem necrosis (Jackson 1991) . Other factors that increase the disorder in Cabernet Sauvignon and/or Riesling are shading, a reduced leaf area Table 1 Some examples of experiments carried out with grapevine fruit-bearing cuttings in growth chamber-greenhouses (GCG), temperature gradient greenhouses (TGG) or other facilities, where factors related to climate change were set as combined or in interaction among them (elevated CO 2 , elevated temperature, drought), as single stress factors Theor. Exp. Plant Physiol. (2016) 28:171-191 or a poor nutrition, possibly mediated by ethylene (Jackson 1991) . Using greenhouses, the response of Tempranillo and Graciano skin phenolic composition to deficit irrigation was investigated (Niculcea et al. 2015) . In both cultivars, water deficit reduced leaf area and leaf area to crop mass ratio, and decreased berry size. In Graciano, water deficit decreased acidity and catechins, but increased flavonols. In Tempranillo, deficit irrigation reduced total anthocyanins and flavonols, and increased hydroxycinnamic acids. Changes in berry size, increases in phenolic compounds and accumulation of amines during deficit irrigation have been related to a modified evolution of indole-3-acetic, abscisic, salicylic and jasmonic acids both during a pre-(early deficit, ED) and post-veraison (late deficit, LD) water deficit (Niculcea et al. 2013 (Niculcea et al. , 2014 . Not all deficit irrigation regimes induce the same responses. PRD applied to fruit-bearing cuttings with split root system resulted in greater yield, higher bunch weight, bigger leaf area, increased berry weight and greater accumulation of skin anthocyanins at harvest when compared to a SDI treatment, related to abscisic acid levels in berries during ripening (Antolín et al. 2006) . Grapevine flower development and fruit set are influenced by temperature, particularly cold nights, in the vineyard. In the early eighties, it was established the optimal temperature, photoperiod and light intensity conditions to grow a variety of grapevine cultivars with the fruit-bearing cutting technique (Mullins and Rajasekaran 1981) . Sawicki et al. (2012) investigated the impact of cold stress on the inflorescence C metabolism, exposing Pinot Noir fruitbearing cuttings to chilling (between 0 and 4°C) or freezing (below 0°C) temperatures overnight and measuring photosynthesis and sugar content. Temperature responses in ripening berries of Muscat Hamburg fruit-bearing cuttings were also studied (CarbonellBejerano et al. 2013) . Berries ripened at higher temperature had reduced anthocyanin accumulation and hastened ripening, leading to a drop in malic acid and total acidity, which might partly result from changes in the expression and functioning of their membrane transporters and in the expression of genes involved in their metabolic pathways. Composition of grapevine pruning wastes, such as leaves and stems, could be an interesting aspect to explore, as important antioxidant sources for pharmaceutical industry due to their richness in phenolic compounds beneficial for human health. In that respect, an experiment aimed to Other experiments, not related to climate change, are also listed evaluate the effect of temperature and mycorrhizal inoculation, alone or combined, on phenolic composition and antioxidant activity of leaf extracts from Tempranillo fruit-bearing cuttings (Torres et al. 2015) . With mycorrhizal inoculation under high temperature conditions, total phenolic content, antioxidant compounds like flavonols and anthocyanins increased, and antioxidant activity of leaves were improved. In other experiments, Tempranillo fruit-bearing cuttings were exposed to supplemental UV-B radiation (Martínez-Lüscher et al. 2013 , 2014a . Short-and long-term physiological responses to UV-B were monitored. After 20 days of exposure, photosynthesis decreased and increases of several antioxidant enzymes were observed, whereas 55 days later (with 75 days of exposure) most measured variables were recovered and there was no leaf oxidative damage, associated with a marked accumulation of leaf UV-B absorbing compounds (Martínez-Lüscher et al. 2013) . UV-B increased the relative mass of berry skin, color density, extractable anthocyanins and flavonols. Within the latter, the relative abundance of monosubstituted forms increased whereas those trisubstituted decreased as UV-B exposure increased (Martínez-Lüscher et al. 2014b) . With regard to aminoacid metabolism, gamma-aminobutyric acid increased and threonine, isoleucine, methionine, serine and glycine decreased in response to UV-B radiation (Martínez-Lüscher et al. 2014b) . A rise of the atmospheric CO 2 concentration could enhance growth and yield, resulting in higher accumulation of vegetative biomass and fruits. However, our results growing Tempranillo grapevine fruit-bearing cuttings in GCG (Salazar-Parra 2011) and TGG (Kizildeniz et al. 2015) suggest no changes in bunch biomass, or they are limited, in response to elevated CO 2 . In addition, berries weight (g of 100 units) was unaffected growing plants under elevated CO 2 both in GCG (Salazar-Parra et al. 2010 ) and TGG (SalazarParra 2011). In red Tempranillo grown in TGG, bunch fresh weight was significantly increased when elevated CO 2 was combined with elevated temperature (ambient temperature ?4°C) under full irrigation conditions, whereas it was increased in white Tempranillo when elevated CO 2 , elevated temperature and a cyclic drought were combined (Kizildeniz et al. 2015) . With respect to vegetative biomass, small increases have been reported in response to elevated CO 2 . Significant increases in leaf area per plant were observed in red Tempranillo grown under elevated CO 2 , ambient temperature and irrespective of irrigation conditions (full irrigation or cyclic drought) when compared to ambient CO 2 (Kizildeniz et al. 2015) . In the case of white Tempranillo, it increased only when elevated CO 2 was combined with elevated temperature under full irrigation (Kizildeniz et al. 2015) .
There are no much data available in the literature about effects of predicted climate change on grape quality. Using Tempranillo fruit-bearing cuttings, Salazar-Parra et al. (2010) reported that climate change shortened the time between grape veraison and maturity. Elevated CO 2 and temperature decreased berry malic acid and total anthocyanins potential in well-irrigated plants and increased tonality index, irrespective of water availability (Salazar-Parra et al. 2010) . In partial irrigation conditions, elevated CO 2 and temperature hindered the anthocyanins extractability (Salazar-Parra et al. 2010) . In white Tempranillo fruit-bearing cuttings, only grape tartaric acid was affected by the combined action of elevated CO 2 , temperature and water availability (Kizildeniz et al. 2015) . Little interactive effects between UV-B and water deficit were detected in Tempranillo fruit-bearing cuttings photosynthesis, where the impact of UV-B was overshadowed by drought (Martínez-Lüscher et al. 2015a) . Grape ripening was markedly delayed when UV-B and drought were applied in combination (Martínez-Lüscher et al. 2015a ).
In an experiment where climate change (elevated CO 2 and temperature) and UV-B radiation were combined, photosynthesis was enhanced under climate change conditions but UV-B down-regulated C fixation (Martí-nez-Lüscher et al. 2015b) . Photosynthetic and ripening rates were highly, positively and linearly correlated, and thus the hastening effect of climate change conditions on ripening, associated to higher C fixation rates, was attenuated by UV-B radiation (Martínez-Lüscher et al. 2015b) .
Effects of CO 2 on photosynthesis depend on exposure duration. C 3 plants require the enzyme Rubisco for CO 2 fixation. Since Rubisco activity is CO 2 -limited and that the oxygenation activity of Rubisco is not inhibited under current atmospheric conditions, photosynthesis at twice ambient CO 2 concentration increases more than 50 % in the shortterm (minutes to hours) (Long 1991) . This increase of photosynthesis is part of the explanation why elevated CO 2 protects grapevine plants facing drought. In Tempranillo fruit-bearing cuttings, plants grown under moderate drought but treated with elevated CO 2 and elevated temperature were not affected by oxidative damage, mainly because of higher rates of electrons consumed in photosynthetic C fixation that reduced the need for superoxide dismutase and catalase reactive oxygen species detoxification (Salazar-Parra et al. 2012a ). In the long-term (days to weeks), nevertheless, this initial stimulation is often followed by biochemical and molecular changes that result in a marked photosynthetic capacity decrease (acclimation processes) (Moore et al. 1999 ). In the TGG, as previously described ), we ensure natural temperature fluctuations at root zone (plants are placed in pots in holes made in the soil) but not in GCG, where the rooting medium is exposed directly to the temperature of the plant aerial part. Previous experiments with alfalfa suggest that this species generally acclimates to the elevated CO 2 in both GCG and TGG, and that the temperature of the root zone in the pots, placed in holes in the soil (TGG) or not (GCG), is not crucial for the extent of the acclimation phenomenon ). In the case of Tempranillo grapevine, we recently reported photosynthetic acclimation in response to elevated CO 2 (Leibar et al. 2015; Salazar-Parra et al. 2015) . We unfortunately cannot conclude about possible differences of photosynthetic acclimation to CO 2 between GCG and TGG, because in some cases measurements were made from veraison to ripeness, where changes in photosynthesis are dominated by a developmentalrelated decreasing trend that is only transiently influenced by elevated CO 2 concentrations (SalazarParra 2011; Salazar-Parra et al. 2012b) or in other cases there were differences in sink strength (see below). For discussion about causes of the extent of photosynthetic acclimation, readers are referred to the literature (Salazar-Parra 2011; Salazar-Parra et al. 2012b Irigoyen et al. 2014; Morales et al. 2014; Leibar et al. 2015) .
Since the plant sink capacity is a key factor in the appearance and extent of acclimation to elevated CO 2 ) and that grapevine experiments were conducted in pots, it is possible that the development of root system was affected and it could interfere with the source-sink relationships. In a metaanalysis, working with woody species, it was found little evidence of photosynthetic acclimation in trees when grown in containers with a volume larger than 0.5 L (Curtis and Wang 1998). Our pots had a capacity of between 4 and 13 L. In addition, we observed visually that at the end of the experimental period grapevine roots have not explored completely the pot volume. All these data suggest that the development of root system was not affected in our experiments and that root sink capacity was not restricted by the pot size. However, our experiments reveal a clear relationship between the extent of acclimation to elevated CO 2 and vegetative growth. Salazar-Parra et al. (2015) exposed Tempranillo fruit-bearing cuttings to elevated CO 2 from veraison to ripeness and pruned plants to maintain a leaf to fruit ratio optimal for maturity. Leibar et al. (2015) allowed vegetation to grow freely and exposure to elevated CO 2 lasted from fruit set to ripeness. Despite the longer exposure to elevated CO 2 of the latter, photosynthetic acclimation to elevated CO 2 was more intense in the former due to the reduction of the leaf area per plant caused by pruning.
Fruit-bearing cuttings as a valuable model to study grapevine physiology: validating the model with vineyard-grown plants
A set of experiments were aimed to investigate the possibilities of using the fruit-bearing cutting as a model system that simplifies the work usually made in the vineyard, translating research from field conditions to controlled environments. This is an important section within the whole manuscript, with regards to the feasibility to extrapolate those results to fieldgrown plants. In some reports, a direct fruit-bearing cutting versus vineyard-grown comparison was made (see also below for a more generalized comparison between the model and field-grown plants with regard to grape quality and leaf photosynthesis). As described above, the fruit-bearing cutting technique involves to make gross changes to normal temporal and spatial relationships of vegetative and fruit growth (Mullins and Rajasekaran 1981) . In these plants, for example, the vegetative growth happens mainly between fruit set and maturity, thus being the leaf area to grape weight at fruit set significantly lower than that observed in vineyard plants ). For these reasons, Mullins (1966) reported that it might be argued that these plants are so unlike grapevines that their behavior gives little indication of circumstances in the field. Nevertheless, early studies on the development and performance of fruit-bearing cuttings under controlled conditions, which aimed to compare the behavior of these cuttings with grapevines grown in the field, revealed many similarities. reported that when the phenological development of Cabernet Sauvignon fruit-bearing cuttings was compared, on a degree-day basis, with that of plants of the same cultivar grown in the field, no significant differences were found. Using Pinot Noir and Gewurztraminer from vineyard and fruit-bearing cuttings, Lebon et al. (2005) concluded that development was comparable in the two cultivars, and both in vineyards and cuttings. In the same line, the model allows for the development of vegetative (roots, leaves and shoots) and reproductive (inflorescences and clusters) organs, as seen in vineyard-grown grapevines, under controlled environmental conditions (Lebon et al. 2008) . Only a shortening of the period comprised between budburst and flowering was observed in fruit-bearing cuttings of Cabernet Sauvignon , as well as a faster inflorescence development in Pinot Noir and Gewurztraminer, compared with vineyard plants (Lebon et al. 2005 ). These differences were attributed in both cases to the most favorable thermal conditions in the climatic chamber and greenhouse, respectively. Despite these differences, plants from vineyards and cuttings had similar number of flowers and berries per bunch, fruit set and number of seeds per berry (Lebon et al. 2005) . Regarding fruit development and grape composition, grape berries of fruit-bearing cutting plants exhibit a typical double sigmoid growth pattern (Geny et al. 1998) . These authors also concluded that the composition and mineral content of berries from fruit-bearing cuttings were, in general, similar to those from vineyard-grown plants. Most recently, Dai et al. (2013) studied the evolution of grape C metabolism throughout development, both in fruit-bearing cuttings and field-grown grapevines of Cabernet Sauvignon. These authors concluded that sugars and organic acids showed remarkably similar temporal profiles in the two systems studied, when compared on a degree-day basis, with some differences in the levels of sugar phosphates during the late developmental phases. These differences may reflect, according to Dai et al. (2013) , short-term responses to different environmental conditions (light, temperature, etc.) between the grapevines growing in the vineyard and the fruit-bearing cuttings.
With the purpose of comparing grape production (cluster weight and berry size), grape composition (technological and phenolic maturity parameters), as well as photosynthetic gas exchange, between fruitbearing cuttings and vineyard plants, a review of the most recent literature published on grapevine was performed. In order to discard differences associated with the use of different cultivars, the analysis was focused on the cultivar Tempranillo, one of the most frequently used in the studies with fruit-bearing cuttings (as seen in Table 1 ). A t-student test was applied to the data collected from the literature. The analysis reveals some differences and similarities between fruit-bearing cuttings (Table 2 ) and vineyard plants (Table 3 ) concerning grape production, berry size and composition. Regarding grape production, the results indicate slight, no significant differences neither in cluster weight (p = 0.964) nor in the number of berries per cluster (p = 0.951), with an average cluster weight of around 260 g, and an average number of berries per cluster of around 160 berries in both systems (Tables 2, 3 ). By contrast, berry weight seemed to be on average smaller in fruit-bearing cuttings (1.4 g berry -1 ) compared with field-grown grapevines (1.8 g berry -1 ), although these differences were not statistically significant (p = 0.209). These results agree with Geny et al. (1998) who observed that the size of Cabernet Sauvignon grapes taken from fruitbearing cuttings was significantly lower at maturity than the size of grapes from vineyard plants. In addition, the chronology of flowering and fructification of the fruit-bearing cuttings from different accessions of the cultivar Tempranillo are similar to those grown in the vineyard (Table 4) , excluding the possibility that differences found may arise from comparisons between different accessions of the same cultivar in fruit-bearing cuttings and in vineyards.
Regarding technological quality parameters, although grapes were analyzed at maturity in all cases, the total soluble solid content was significantly higher (p = 0.025) in grapes from vineyard plants (23.1 8Brix on average, ranging from 21 to 27.8 8Brix), compared with those ripened in fruit-bearing cuttings (21.3 8Brix on average, ranging from 19 to 22 8Brix), which may have implications for the technological and phenolic parameters measured. pH values were similar in both types of plants (p = 0.058), ranging from 3.4 to 4.3 in the case of fruit-bearing cuttings and from 3.4 to 4.1 in field-grown plants. Whereas, differences in titratable acidity were not statistically significant (p = 0.334), malic acid concentration was higher (p = 0.001) in the experiments with fruit-bearing cuttings, which may be associated with a lower maturity degree (total soluble solid content), as described before. Contrarily, Geny et al. (1998) reported a slightly lower concentration of malic acid in grapes of Cabernet Sauvignon from fruit-bearing cuttings compared with vineyard plants. Regarding total anthocyanin concentration in the must (expressed on a volume basis), it tended to be higher on average in grapes ripened in fruit-bearing cuttings (911.8 mg L -1 ) compared with those grown in the vineyard (744 mg L -1 ), although these differences were not statistically significant, probably because of the high variability of the data collected. Total polyphenol index and color intensity pattern was similar to that observed for anthocyanins, these values being slightly (not significantly) higher in experiments with grapevine cuttings. There was only one data regarding K concentration in grapes from experiments using fruitbearing cutting plants, and it was in the range of the levels reported for grapes ripened in the vineyard. Finally, the concentration of assimilable N reported by in an experiment with fruit-bearing cuttings was almost twice as high as that reported by Garde-Cerdán et al. (2014) from fieldgrown plants. These differences may be associated with differences in the mineral nutrition of these plants, probably higher in the plants grown under controlled conditions (Geny et al. 1998) . Also, the evolution of organic acids, sugars and phenolic compounds throughout grape development in fruitbearing cuttings has been reported to be classical (Antolín et al. 2010) . In Chardonnay, Savagnin Rose and Gewurztraminer, variation of linalool and geraniol, abundant monoterpenols in grapes commonly associated with floral, rose-like flavors, reported from grapes grown in the vineyard were consistent with those from greenhouse-grown fruit-bearing cuttings (Duchêne et al. 2009 ).
Regarding gas exchange parameters, average net photosynthesis (A N ) and stomatal conductance (g s ) values, measured from green berry stage to ripening, in leaves of well-irrigated fruit-bearing cutting plants ranged from 10 to 17 lmol m -2 s -1 and 90 to 200 mmol m -2 s -1 , respectively (Ayari 2005; Salazar-Parra et al. 2012b; Martínez-Lüscher et al. 2013 , 2015a Leibar et al. 2015) . These values are within the range reported in the literature for cv. Tempranillo in vineyards with irrigation (Maroco et al. 2002; Medrano et al. 2003; Centeno et al. 2010; Intrigliolo et al. 2012) . Nevertheless, the A N to g s ratio seemed to be slightly higher in fruit-bearing cuttings (fullirrigated), ranging from 67.7 to 130.8 lmol CO 2 mmol -1 H 2 O, compared with irrigated field-grown plants, which ranged from 35 to 60.7 lmol CO 2 mmol -1 H 2 O) (Maroco et al. 2002; Medrano et al. 2003 Medrano et al. , 2012 , thus suggesting some differences in the plant water use efficiency. Regarding the evolution of photosynthesis throughout plant development, it regularly increases in the grapevine during the growth of the inflorescence, reaching maximum values around flowering. Then, photosynthetic activity progressively declines in parallel with leaf senescence (Lebon et al. 2008 and references therein) . In the case of fruitbearing cuttings, A N and g s showed a downward trend from green berry stage or veraison to ripening in some studies (Salazar-Parra et al. 2012b; Martínez-Lüscher et al. 2015b) . By contrast, other experiments showed maintained high A N and g s at maturity (Ayari 2005; Leibar et al. 2015; Martínez-Lüscher et al. 2015a ). Such differences have been related to differences in plant sink strength due to a different control of the vegetative plant growth in fruit-bearing cuttings (Leibar et al. 2015) .
Although the results obtained from the literature indicate that, fruit-bearing cuttings can be a valuable tool in viticultural research (Mullins and Rajasekaran 1981) , and it constitutes a reliable model to test the effect of different environmental factors on grapevine physiology, as well as on grape metabolomic and transcriptomic, as was described in previous sections, care is needed before extrapolating the results obtained with this system to the vineyard.
5 Grapevine under elevated CO 2 atmosphere conditions: Use of stable isotopes as tracers of N and C partitioning in fruit-bearing cuttings
During the last decades, the use of stable isotopes such as those of C and N has proved to be an essential tool to study C and N partitioning in plants exposed to changing environmental conditions . Similarly to the case of fertilization with elevated CO 2 in FACE facilities or large agricultural areas mentioned above, taking advantage of the different air 13 C isotopic composition (d 13 C) under elevated CO 2 (see below) under field conditions would be very expensive or even economically unviable. Under controlled conditions, providing the plants with gas (such as CO 2 ) and liquid solutions (in the form of NO 3 and NH 4 ) enriched in the isotopic form that is not predominant in nature (where availability of the tracer isotope is more abundant) enables the analyses of how such C and N is assimilated and distributed within the plant. The stable isotopic composition of C (d 13 C) and N (d 15 N) was successfully used to obtain relevant information on the exchange of C and N between the different organs of legumes (Avice et al. 1996; Molero et al. 2014 ) and cereals (Gebbing et al. 1999; Aranjuelo et al. 2015) . Plants grown in environments with modified isotopic composition incorporate the tracer in C-and N-containing compounds of the plant (Avice et al. 1996; Molero et al. 2014) providing essential information about the C and N sinks to which the recently fixed C and N is delivered. Isotopes enable two powerful approaches: (1) dynamic analysis of time-course data for the distribution of an isotopic label, and (2) steady-state analysis of metabolic labeling patterns under conditions of isotopic steady state. Pulse labeling of the organ or the cell with a tracer, such as 15 N and 13 C, enables analysis of the further partitioning of the label into different compounds of different plant organs . After feeding the plants with the stable isotopes (pulse), the distribution of labeled compounds into the different plant organs has provided novel and relevant information in studies determining the flow of C and N through the plants (Aranjuelo et al. 2011; Molero et al. 2014) . A large part of studies where stable isotopes have been used to trace C and N assimilation have been conducted on total organic matter (TOM), however, during the last decade new protocols have been developed to analyze isotopic composition of specific compounds such as organic acids (Gauthier et al. 2010) , amino acids (Gauthier et al. 2013; Molero et al. 2014) , soluble proteins (Gauthier et al. 2013; Aranjuelo et al. 2015) , DNA (Gauthier et al. 2013) and Rubisco .
As mentioned above, when plants are exposed to long-term elevated CO 2 concentration conditions, they usually show photosynthetic acclimation symptoms (Long et al. 2004; Salazar-Parra et al. 2015) . Among others, two main causes have been identified as the ones involved in this photosynthetic downregulation: (1) leaf carbohydrate sink/source imbalance and (2) limitations in N availability (Moore et al. 1999; Jauregui et al. 2015) . According to the first hypothesis, when carbohydrate availability exceeds sink demand, there is an inhibition of Rubisco synthesis as a mechanism to balance C source activity and sink capacity. Consequently, Rubisco content (and consequently photosynthetic rates) would be conditioned by a plant's ability to develop new sinks (e.g. new vegetative or reproductive structures, enhanced respiratory rates), or to expand the storage capacity or growth rate of existing sinks. In case of grapevine, during ripening grape cluster represents a major C-demanding organ. Although studies conducted under elevated CO 2 concentration conditions highlight the relevance of developing C demanding organs as a target factor mediating plant responsiveness to enhanced CO 2 concentration (Aranjuelo et al. 2013) , nowadays, few studies have attempted to characterize C assimilation and later partitioning in grapevine (Salazar-Parra et al. 2015) . In addition to leaf C balance, depleted leaf N content has been also linked to photosynthetic down-regulation of plants exposed Theor. Exp. Plant Physiol. (2016) 28:171-191 185 to elevated CO 2 concentration. Such change may reflect a general decrease in leaf protein due to the relocation of N within the plant (Aranjuelo et al. 2013) . Moreover, in addition to N, a general depletion in plant mineral content has been described in different crops and under different growth conditions (Loladze 2014; Jauregui et al. 2015) . As it is shown in Table 5 , in a previous study conducted by our group with white Tempranillo fruit-bearing cuttings, exposure to elevated CO 2 affected negatively leaf N (-23 %), but more markedly P, K, Ca, Mg, S, Fe, Mn, B and Mo (decreases ranged from 30 to 63.5 %) concentrations. In the other hand, C, Cu and Zn tended to decrease but were not significantly affected by growth at elevated CO 2 concentration (Table 5) . Over 60 and 30 % of the world population are facing health problems related to Fe and Zn deficiency, respectively. Staple food crops might be poor sources of some mineral nutrients, including Fe and Zn. Thus, the importance of crop in human diet accounts in large part for micronutrients deficiencies (Loladze 2014) . Among others, the larger food nutrient content has been linked with source organ remobilization capacity during seed formation. During the senescence processes of the model plant Arabidopsis, it has been shown that leaves only lose 40 % of their Mo, Fe, Cu, and Zn. Thus, about 60 % of these micronutrients are not remobilized and can therefore not participate to seed filling (MasclauxDaubresse et al. 2008) . Such results highlight the relevance of a deeper understanding on how nutrient assimilation and remobilization are regulated under changing environmental conditions. As already mentioned, leaf C management, and consequently leaf C sink/source balance, is a target aspect conditioning photosynthetic performance under elevated CO 2 concentration. However, one of the difficulties of analyzing the processes involved in C metabolism (photosynthesis, respiration, allocation and partitioning) is measuring the different processes simultaneously in the same experiment. Gas exchange techniques provide target information on photosynthetic rates, stomatal conductance, transpiration, etc. However, it should be also considered that such data provide information on how plants are performing in a specific moment (the one where the determination was conducted). Moreover, the analyses are usually carried out in apical healthy young leaves, whose photosynthetic and respiratory activities do not necessarily reflect whole plant CO 2 activities. In this sense, longterm, canopy level labeling with C might reflect a more real vision on interplay among all aspects of plant C and are thereby more useful than plant gas exchange measurements as integrators of whole plant function (Salazar-Parra et al. 2015) . As described in Salazar-Parra et al. (2015) , we took advantage of the different air 13 C isotopic composition (d 13 C) under elevated CO 2 (-10.3 vs. -24.93 %, under ambient and elevated CO 2 respectively). In this latter study, fruit-bearing Tempranillo grapevine cuttings were exposed to elevated CO 2 concentration and changing water and temperature conditions. The fact that air d 13 C under elevated CO 2 was different from that of the ambient enabled the characterization of C partitioning into leaves, roots, cuttings, shoots, petioles, leaves, rachides and berries. Figure 6 summarizes average d 13 C values detected in the different plant organs grown under 700 ppm CO 2 , which were subjected to fully-or partially-watered conditions. The fact that d 13 C in fully-watered plants was lower than that in partially-watered plants highlighted the fact that the former assimilated more labeled C than the latter. Interestingly, regardless of water treatment, rachides were the plant fraction where less labeled C was detected. Moreover, our study also revealed that partitioning of labeled C into storage organs (main stem and roots) did not avoid accumulation of labeled photoassimilates in leaves. Such leaf C build up was linked with Rubisco carboxylation activity depletion and photosynthetic down-regulation.
Previously mentioned-limitations in nutrient availability represent another key factor that will modulate plant performance under elevated CO 2 . Within this context, labeling with 15 N-enriched solution has provided novel and target information on plant assimilation and partitioning during fruit development . Changes in N allocation occur at two very different levels in plants: at a cellular level due to changes in the distribution of N between the various proteins and other N-containing compounds, and at a whole plant level due to changes in the allocation of N to different organs. Nitrogen partitioning is of crucial importance in rising CO 2 studies where photosynthetic activity, and the consequent plant production, is conditioned by C and N sink/-source in different tissues (Aranjuelo et al. 2013) . At elevated CO 2 concentrations, although numerous studies have reported a decrease in Rubisco (that has been linked to photosynthetic down-regulation), few studies have extended the analyses to determine the implications of such reduction on plant performance (Aranjuelo et al. 2011 (Aranjuelo et al. , 2013 . The N released from Rubisco, which is a major part of the total leaf protein and therefore a major N storage form, as well as from other proteins of the photosynthesis apparatus could be reallocated to promote the growth of non-photosynthetic organs. However, despite the implications of the Rubisco-derived N remobilization into other sinks, there is no consistent evidence for a clear identification of those N sinks. As shown by Aranjuelo et al. (2015) , 15 N labeling (and later Rubisco d 15 N) of wheat plants exposed to ambient and elevated CO 2 during preanthesis highlighted the fact that, although at this stage less recently assimilated N was incorporated into Rubisco, during beginning of grain filling period, less Rubisco-derived 15 N was remobilized under elevated than in ambient CO 2 . Such finding underscores the relevance of stable isotopes as tool to determine N management in plants.
Although the current knowledge identifies C and N management as key factors modulating plant responsiveness to changing environmental conditions, other nutrients may result affected. In the case of Fe, for instance, Fe homeostasis (uptake, transport, allocation, use, etc.) can be investigated using the stable isotopes 54 Fe or 57 Fe as Fe tracers (see for instance Rellán-Á lvarez et al. 2010) . However, all these aspects of using stable isotopes as tracers have been poorly investigated in grapevine. As an aid in clarifying the simultaneous metabolic responses of grapevine to environment, the use of stable isotopes techniques may contribute to identify target factors affecting plant functioning.
